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Abstract 
Seamless rolled rings of C263 superalloy were forged by Carlton Forge Works in 
Paramount, CA and sectioned for mechanical testing. The as-forged ring sections were 
then machined into tensile samples. To simulate cold working done after Carlton’s 
forging process, the C263 tensile samples were strained using an Instron tensile tester to 
1, 3, 5, 7, and 9% plastic strain. These tensile samples were then solution treated at 
2100°F for 30 minutes and water quenched before being aged at 1470°F for 8 hours and 
air cooled, following Carlton Forge Works’ heat treatment process. The gauge length 
sections were metallographically prepared and etched using a mixture of 50% H2O, 40% 
HCL, and 10% H2O2. Using an optical microscope and imaging software, images were 
taken and average grain size of each sample was measured using a mean lineal intercept 
method as per ASTM E112. 1% strain was found to have the largest average grain size of 
113 microns/grain. The average grain size decreased with an increase in strain value, with 
the smallest grain size being 57 microns/grain at 9% strain. This information will be used 
to construct a grain growth map for Carlton Forge Works to use while producing future 
forgings.  
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growth 
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1. Introduction 
 
 The aerospace industry is constantly changing design and materials to optimize 
performance of turbine engines.  Seamless rolled rings may seem to be simple 
components; however, they are vital components in complex turbine engines systems. 
These rings make up various portions of the engine structure including the casing, 
shroud, combustion chamber, seals, and more. Seamless rolled rings are typically forged 
with several types of steel, titanium, and nickel-based superalloys, the latter being used 
frequently in high temperature sections of turbine engines. The rings can also be forged 
into many complex configurations, with features such as contoured inner and outer 
diameters, in addition to the basic rectangular-edged ring (Figure 1). The process for 
manufacturing these seamless rings allows for the different configurations1. 
 
Figure 1: Seamless rolled rings in various configurations. Rings like these are used in several aerospace 
applications. 
1.1 Ring Rolling 
 
 Ring rolling is the process of forging seamless rolled rings. First, the alloy is 
heated above its annealing temperature to allow for plastic deformation of the piece. 
Figure 2 illustrates the process of forging the starting stock into a seamless rolled ring. 
Step (a.) shows the heated material that has been cut to the correct size being pressed in a 
step called upsetting. The compression of the material shortens its length and 
directional grain flow in the piece. The work piece is
with a hydraulic press and the leftover material is pierced all the way through in step (b.). 
The resulting donut-shaped work piece is called a ring preform
In step (c.), The preform is placed on a mandrel, or idler roll, and is then pressed against 
the driver roll. The pressure between these two rolls increases the diameter of the ring, 
while decreasing the wall thickness. Axial ro
ring’s wall and keep the ring uniformly shaped. Continuing this process leads to a ring 
with a much larger diameter than the preform, as seen in step (d.). This p
tailored to produce rings with compl
the rolls. 
Figure 2: Image depicting the seamless ring rolling process. The 
is colored red, just as it is heated to red
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 then punched through the center 
, and is ready for rolling. 
lls in turn help to control the size of the 
rocess can be 
ex cross-sections by varying the shape and angle of 
work piece
-hot during the forging process2.  
 
creates 
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 Plastic deformation of metals through high temperature ring rolling produces 
higher quality rings than rings formed through other techniques. Grain direction flows 
along the edge of a forged part, unlike the grains found in machined or cast parts. Forging 
the parts also helps to produce more uniform grain size than those found in cast parts. 
Welded rings have poor properties along the weld and are inherently weaker than 
seamless rolled ring parts2. 
1.2 Cold Working 
 
 Cold working, or work hardening, is the strengthening of a metal below the 
recrystallization temperature through plastic deformation. This deformation forms defects 
in the lattice structure of the metal called dislocations. As the amount of cold work 
increases, the dislocations accumulate in the material. When more dislocations are 
generated, they interact with one another and act as obstacles that impede further 
movement within the metal lattice. The impedance of dislocations in the lattice of the 
material leads to an increase in yield strength. 
 When a metal is cold worked and heat treated above its recrystallization 
temperature, internal strain energy combines with thermal energy to cause 
recrystallization and grain growth. The resulting grain size is dependent on the amount of 
cold work as well as the heat treatment. Below a certain amount of strain introduced 
through cold work, the grains do not have the required energy to recrystallize. As seen in 
Figure 3, at a certain amount of strain, known as critical cold work, a few grains have 
enough energy to recrystallize and grow large, consuming unchanged grains. As cold 
work increases, the amount of new grains nucleating increases, resulting in smaller 
overall grains3. 
Figure 3: Final grain size after annealing compared to 
cold work value, cold working will not affect the final grain size. After the critical value, increasing cold 
1.3 Problem Statement 
 
 Carlton Forge Works produces seamless rolled rings from C263 superalloy. After 
forging, the rings are cold sized, also known as cold worked,
customer specified methods of forging and heat treating C263 rings cause unwanted grain 
growth and the final product to fail specification. Data regarding the grain growth of 
C263 rings due to coupled factors of heat treatment
forging, and the amount of cold work are not well understood.
used after ring rolling to attain the 
significantly influence the grain size in the finished product once the rings are heat 
treated. The purpose of this project is to examine the e
growth of the as-forged rings
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amount of cold work. Prior to reaching the critical 
work decreases final grain size3. 
 
 and heat treated. Current 
 temperature, amount of reduction in 
 The cold work
ring’s final shape is specifically believed to most 
ffects of cold sizing on the grain 
 to better control grain size in future forged rings.
ing process 
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1.4 C263 Alloy 
 
 Nickel-based superalloys were developed for high temperature applications due to 
their ability to maintain high strength at temperatures exceeding 75% of their melting 
temperature. C263 is a Nickel-Cobalt-Chromium superalloy designed for high strength, 
oxidation resistance, and good creep resistance at elevated temperatures to be used in gas 
turbine engine applications. These properties are highly dependent on the correct 
processing of the superalloy. 
 Superalloys such as C263 contain multiple phases, depending on the alloying 
elements. The most prevalent phase in C263 is the γ phase, which exhibits the face 
centered cubic crystal structure. Ni-based superalloys are solid solution strengthened 
using a variety of substitutional alloying elements in the γ structure. Elements, like 
Molybdenum, are added to C263 for solid solution strengthening. 
 A second phase, called γ′, consists of Ni3(Al,Ti) structures that precipitate out in 
the γ matrix. These elements are larger than Nickel and must form another phase outside 
of the γ phase. The γ′ phase impedes dislocation movement throughout the metal and is 
one strengthening phase in producing C263’s strength and creep resistance at high 
temperatures. As dislocations reach the coherent structure of the γ′, they are caught in the 
precipitate and leave the surrounding γ matrix free of dislocations. The dislocations 
cannot enter the γ′ without the formation of anti-phase boundary dislocation due to the 
dissociation of the original dislocation. Therefore, the dislocations must pass through the 
γ/γ′ in pairs. Yield strength is seen to increase at higher temperatures in superalloys 
strengthened with γ′ since the energy of anti-phase boundary dislocations is lower in 
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cross slip planes, which coincidentally slip is prohibited in that direction. Thus, the 
dislocations become locked in the γ′ precipitates. Aluminum and titanium only make up 
about 3% of the total composition of C263 (Table I), yet are pivotal in the material 
properties associated with superalloys because of the γ′ phase formation4,5,6. 
Table I: Chemical Composition of C263 Superalloy in weight % 
 
 
 
1.5 Grain Size 
 
 The properties of a metal are dependent on its microstructure. Many mechanical 
characteristics of metals are dependent on the size of the grains found in the material’s 
microstructure. Yield strength, in particular, is dependent on the grain size of the 
material. As grain size decreases, yield strength increases due the impedance of 
dislocations at the increased number of grain boundaries. Smaller grains are known to 
increase creep rate in materials, especially at elevated temperatures. It is vital for 
superalloy components used in aerospace applications to have a high strength and high 
creep resistance at elevated temperatures, however these properties are oppositely 
affected by the grain size of the material. In C263 superalloy, small grains are more 
important to provide high yield strength because the γ′ phase will be the principal 
mechanism for creep resistance at elevated temperatures7,8,9. 
2. Experimental Procedure 
Carlton Forge Works forged a 36″ OD x 32.5″ ID x 5″ wide C263 ring for testing. The 
ring was hot rolled in three passes on the ring mill at a temperature of 1900°F. After the 
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forging operation, the ring was pulled from production prior to cold sizing and heat 
treating. Several flat tensile samples were machined from the ring, tangential to the curve 
of the ring. These tensile samples were produced with a 1″gauge length and 0.18″ 
thickness (Figure 4). 
 
Figure 4: C263 ring section and tensile samples, depicting the size of the samples. The samples were 
machined tangentially from the ring, seen in the placement of the top tensile sample. 
In order to simulate the cold sizing performed after the forging process, the tensile 
samples were strained to varying strain amounts of plastic strain using an Instron tensile 
test machine, along with an extensometer to measure strain. Samples were plastically 
deformed to a range of strains of 1, 3, 5, 7, and 9% (Figure 5). Each sample was 
originally strained more than the targeted strain value to account for reversible elastic 
deformation. A sixth sample was not strained to represent a ring that had not been cold 
sized. These strain amounts were chosen as they are commonly used by Carlton Forge 
Works during their cold sizing operation. 
Figure 5: Stress-strain curve of strained C263 tensile samples simulating cold sizing. 
elastically, represented by the dotted lines. The point at which the lines return to zero tensile stress is the 
amount of plastic strain in the samples.
 The strained tensile samples were then heat treated
Works procedures in a high temperature furnace at Cal Poly. First, the tensile samples 
were solution treated at 2100
then age hardened at 1470°F for 8 hours and allowed to air c
lengths were ground and polished with the entire tensile sample intact, but this proved to 
be cumbersome when imaging
using an abrasive saw. Once the samples were cut, they 
diallyl phthalate thermoset mounting material
 The mounted samples were then ground using 240, 320, 400, 600, a
papers. After grinding, the samples were polished using microfiber polishing pads with 6 
µm diamond suspension, before a final polish of 1 
the samples were etched using 
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Each 
 
 following Carlton Forge 
°F for 30 minutes and water quenched. The samples were 
ool. Originally, the gauge 
, so the gauge lengths were instead cut from the sample
were mounted in a mineral
.  
nd 1200 grit 
µm diamond solution. After polishing, 
a solution of 50% water, 40% 10.5M HCl, and 10% 
 
sample unloads 
s 
-filled 
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hydrogen peroxide10. The samples were swabbed with etchant and sat for approximately 
30 seconds before being rinsed with water and finally ethanol. 
During the tensile straining procedure, it was observed that the 3% strain sample 
had noticeably higher yield strength than the other samples. After heat treating the 
samples, the gauge lengths were rough polished to image the surface and gather 
qualitative data on the grain size of each sample. The 3% sample had much smaller grains 
than the nearby strained samples and was opposing the trend seen in the other samples. 
The grain size should decrease when the cold work increases, which was not true in the 
3% strain. Instead of larger grains in the sample with less strain, there were many small 
grains found in this sample. This is a good indication that the sample had internal strain 
leftover from the forging process and therefore the grains recrystallized and were found 
to be smaller than a normal 3% strain samples. This sample was removed from testing 
and a replacement sample was strained to 3%, which had similar yield strength to the 
other previous samples. Then the new 3% strain sample was heat treated like the other 
samples. 
 Once the samples were etched, an optical microscope with imaging software was 
used to calculate average grain size for each sample. The grain size was calculated by 
drawing two vertical and two horizontal lines in a grid formation on microstructure 
images at 50x magnification and counting the number of grains the lines intercepted 
(Figure 6). This process was repeated five times for each sample, taking images at regular 
intervals along the gauge length. The mean lineal intercept lengths of the grains were 
calculated following the ASTM E112 standard11. 
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Figure 6: Image depicting the grid system used for determining average lineal intercept length. Image Pro 
Express software was used to lay out the lines over the micrographs. 
 
2.1 Realistic Constraints 
 This project deals with the cold sizing behavior of seamless rolled rings 
manufactured from C263 superalloy. It is not realistic to manufacture several rings, each 
with a different cold size strain value to examine the effects of cold work on grain. 
Producing several rings would require more material and labor hours that Carlton could 
spend on manufacturing rings for customers. The project is therefore constrained by the 
manufacturability of test samples and the scope of the experiment has been limited to the 
effects of tensile strain on the grain size of the C263 ring after following Carlton Forge 
Works’ heat treatment process.  
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 The study is also limited economically, as the samples used had to approximate 
the strain values associated with cold sizing during the forging process. We could not 
produce several of these expensive rings with cold sizing amounts that varied only 
fractionally. Tensile samples were cut from a single as-forged ring to keep costs low and 
not produce too much scrap material. Strain amounts tested were chosen to reduce the 
amount of tensile samples required for testing while encompassing the normal range 
applied in the ring rolling process. 
3. Results 
 Metallographic data collected from optical microscope imaging all six tensile 
samples revealed the grain structure of the strained and heat-treated samples (Figure 7). 
All of the micrographs were imaged at 50x magnification after being etched in HCl and 
H2O2 for 30 seconds. Each sample has a high variability of grain size throughout the 
gauge length seen in the metallographic images in Figure 8. Zero percent strain had a 
slight variation in grain size throughout the sample, with a mix of medium sized grains 
and a few large grains. The 1% sample had the largest grains found in any of the samples 
and contained only a few smaller grains like those found in the 0% sample. 3% and 5% 
showed a small change in the grain size found in the sample. The samples had a few large 
grains, although bands of much smaller grains started to appear in these samples. This 
trend continued with the 7% and 9% samples, which had large bands of small grains 
along with intermittent medium sized grains. 
Figure 7 Micrographs revealing the grain structure of each of the strained tensile samples. a.) 0%, b.) 1%, 
c.) 3%, d.) 5%, e.) 7%, and f.) 9% plastic strain. Images with black markings have possible oxidation debris 
on the surface. Samples were etched in 50% H
on lower right image is 300 microns and applies to all of the images.
Average grain size was calculated using five sample areas per strain and 
following ASTM mean lineal intercept length method and 
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2O, 40% HCl, 10% H2O2 solution for 30 seconds. Marker bar 
 
the data is found on Table II
 
. 
The unstrained sample had an average intercept length of 
strain sample had the largest average grain size of any of the samples tested, with an 
intercept length of 113.33 microns
grain size decreased just as theorized. The 9% strain sample had the smallest grain size 
with an average lineal intercept length of 57.03 microns
Table II: Average grain size and standard deviation of strained ten
Strain Amount 0%
Avg. microns/grain 90.48
Standard Deviation 14.52
 
 Tensile samples with 
average grain size values when compared to higher strained samples, seen in their larger 
error bars (Figure 8). Larger strain
average grain size.  
Figure 8: Average grain size compared to tensile strain amount. Values were found using the mean lineal 
intercept method. Error bars depict one standard deviation in either direction. Samples with largest average 
grain size also had large standard deviations.
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90.48 microns/grain
/grain. As the strain value of the samples increased, the 
/grain. 
sile samples. 
 1% 3% 5% 7% 
 113.33 91.45 83.57 61.35
 14.32 4.06 6.38 7.72 
lower strain amounts had more variability in measured 
 value samples had smaller errors in calculating 
 
3% 5% 7%
Strain (%)
. The 1% 
9% 
 57.03 
5.55 
 
9%
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A difference in average grain size between the samples was determined using a one-way 
ANOVA test on Excel. It was concluded that there was a significant difference found 
when comparing all the means, with a p-value of 0.000 at 95% confidence. The averages 
of the two strains with the largest grain size measured (1% and 3%) failed to be 
significantly different from one another when using a two-sample t-test for significance 
on Excel (p-value of 0.0745, 95% confidence). 
4. Discussion 
 After calculating average grain size, it was not evident through the data that 
critical cold work had been reached. The unstrained sample showed minimal variations in 
grain size due to small differences in strain energy introduced in the forging process. The 
0% strain sample did not have the required internal strain energy to begin any large 
changes in the microstructure during heat treatment. The 1% strain sample was the largest 
average grain size and therefore, the grain growth is observed to be the largest of all the 
samples. At the critical cold work amount, there should be just enough strain energy 
introduced into a few grains to cause large grain growth when heat treated. The failure to 
find a statistical difference between the two largest samples shows that the grain size in 
the 1% strain sample is too small to be considered critical cold work. The 1% strain 
sample could be close to the critical cold work value, although without more trials at 
smaller strain intervals, it is impossible to tell. While the grains were larger in the 1% 
strain, some of the other strain samples also contained similar size grains. 
 Samples with larger strain values were observed to have smaller average grain 
sizes than the samples with less strain. An ANOVA test revealed there is a statistical 
difference in grain size between at least one pair of the strained samples. It can be 
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assumed that the samples with the largest and the smallest average grain size are 
significantly different. Large grains are observed in the 7% and 9% samples and the 
frequency of these grains had greatly decreased when compared to the lower strain value 
samples. 
Recrystallization is more apparent in the 7% and 9% strain samples than the other 
samples. Nucleation sites are abundant in these samples because the additional strain 
energy in the metal causes the material to lower its energy by recrystallizing. This 
consumes highly strained grains and replaces them with small strain-free grains. Bands of 
small grains can be seen in most of the samples above 1% strain. This banding is due to 
the sample containing non-uniform strain throughout the gauge length. During the 
forging process, rings are subjected to non-uniform stresses to deform the ring, causing 
uneven grain size. The tensile straining process applies more even strain throughout the 
sample when compared to the ring rolling process. The bands of recrystallized grains are 
most likely due to the ring rolling process prior to the tensile strain applied during this 
project. This leftover strain could have misrepresented the grain size data collected, 
leaving the results skewed. 
5. Conclusions 
1) 1% strain resulted in the largest average grain size of 113.33 microns/grain. 
2) Increase in strain values resulted in a decrease in average grain size. 
3) Critical cold work was not observed in the sample with largest average grain size. 
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